The self-splicing intervening sequence from the precursor rRNA of Tetrahymena thermophila cyclizes to form a covalently closed circle. This circle can be reopened by reaction with oligonucleotide~+or water. The kinetics of circle opening as a function of substrate and Mg concentrations have been measured for dCrU, rCdU, dCdT, and H20 addition. Comparisons with previous results for rCrU suggest: (1) the 2' OH of the 5' sugar of a dinucleoside phosphate is involved in substrate binj4ng, and (2) the 2' OH of the 3' sugar of a dimer substrWe is involved in Mg binding. Evidently, the binding site for a required Mg ion isdependent on both the ribozyme and the dimer substrate. The apparent activation energy and entropy for circle opening by hydrolysis are 31 kcal/mol and 50 eu, respectively. The large, positive activation entropy suggests a partial unfolding of the ribozyme is required for reaction.
INTRODUCTION
The discovery of RNA catalysis has led to great interest in the mechanisms for such reactions (1) (2) (3) (4) (5) (6) (7) (8) . The circular form of the self-splicing intervening sequence from the rRNA precursor of Tetrahymena thermophila (CIVS) provides a convenient model system for kinetic studies (9) (10) (11) (12) . This covalently closed RNA circle can be opened by addition of oligonucleotides (9) or by hydrolysis (10, 11) . Previous studies have indicated that binding of oligonucleotide substrate is unusually strong (1, 9, 12) and that a weakly bound Mg2 ion may be required for reaction (12) . Both substrate binding and metal ion participation are important, but incompletely understood, aspects of RNA catalysis (13) (14) (15) (16) (17) . In this paper, we report the effects on circle opening of changing the substrate from rCrU to dCrU, rCdU, dCdT, or H20. The results suggest the 5' sugar of substrate is involved in oligonucleotide binding, and the 3' sugar is involved in Mg2 binding.
MATERIALS AND METHODS
Nucleic Acids. dCdT was obtained from Sigma and purity confirmed by high performance liquid chromatography. dCrU and rCdU were synthesized on solid Nucleic Acids Research support with a phosphoramidite method (18) and purified by high performance liquid chromatography (19) . Concentrations were determined optically with extinction coefficients of 1.52 X 10 4, 1.73 X 10 4, and 1.59 X 104 M 1cm 1for dCdT, dCrU, and rCdU, respectively (20) .
C IVS was obtained by transcribing the plasmid pTTlA3-T7 (3, 21) with T7 RNA polymerase (22) , and reacting the product as described previously (12) .
Labelled C IVS was obtained by transcribing in the presence of [alpha-3 PI ATP. C IVS was purified by running the reaction mixture on a 4% polyacrylamide/8 M urea gel and eluting the appropriate ethidium stained band. Final purification was by chromatography on Sephadex G-50. The concentration of unlabelled C IVS was determined optically with an extinction coefficient of 3.2 X 10 M 1cm 1 at 260 nm (23) .
Reactions. Reactions were run in 20 iiL volumes sealed in 40 pL glass cap- illaries (12) . The buffer for circle opening by oligonucleotides was 10 mM NaCl, 0.5 mM EDTA, 10 mM PIPES, pH 6.5. The buffer for circle opening by hydrolysis was 10 mM NaCl, 50 
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Curves fit to eq 1 using the method of Provencher (24) are also shown in The observed rate constants reach limiting values at high dimer concentrations. Higher dimer concentrations are required to reach saturation with dCrU and dCdT than with rCrU and rCdU. Figure 3 . Evidently, the dimers with deoxyribose on the 3' end require higher Mg2 concentrations to react with a half maximal kobs' Moreover, the maximum kobs for Nucleic Acids Research (25) . It is also similar to the free energy increment measured from the kinetics of self-splicing upon removal of hydrogen bonding groups from the guanosine cofactor (13, 14) . It has been shown that the AGO for rCrU binding to C IVS is 5 to 6 kcal/mol more favorable than predicted for duplex formation involving the expected pairing and stacking interactions (12 Table I indicate the 2' OH of the 3' nucleotide also affects another step of the reaction since k2 and kb are both about 5 times faster when the 3' nucleotide is ribose, rather than deoxyribose. Activation parameters measured for reaction with rCrU suggest this second step is actually a combination of steps (12) . Thus it is not yet possible to identify the likely origin of this effect.
Hydrolysis Reaction. For circle opening by hydrolysis, Zaug et al. (11) reported a linear dependence of log kobs on pH, consistent with a bimolecular reaction mechanism involving attack by OH . A bimolecular mechanism is reasonable for OH since it is difficult to envision a strong binding site for OH on RNA. The results in Figure 6 are consistent with this previous work.
The saturation of kobs as Mg2 concentration increases (see Figure 5) (37) .
The results of this study have another interesting implication for evolution. Reaction is observed with the substrate dCdT. Previously, dC5 has been shown to be a substrate in a related reaction (see caption of Figure 5 (12) . The AS is large and positive in both cases, 50 and 86 eu, respectively, for hydrolysis and rCrU. This is unusual and suggests the second steps in eq 2, 4 and 6 are actually more than one step. Thus the differences in activation parameters are hard to interpret in detail. Nevertheless, the relative magnitudes appear consistent with the mechanisms proposed in eq 4 and 6. The activation entropy represents the difference in entropy between the activated complex for the rate determining step and the intermediates shown in eq 4 and 6. If the activated complexes for the rate determining step for reaction with rCrU and OH are similar, then the differences in activation entropy would depend on the differences in the intermediates. The 
